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Reducing agentsThis study aimed to evaluate the inﬂuence of different redox potentials (Eh) on cell growth, whole-cell protein
proﬁle and cell surface hydrophobicity (CSH) of Candida albicans SC5314. The yeast was grown in YNB broth
enriched with reducing (158 mM sodium sulﬁte, 4 mM sodium sulﬁte, 2.5 mM sodiummetabisulﬁte, 1.3 mM 2-
mercaptoethanol, 5.5 mM thioglycolic acid, and 3.2 mM L-cysteine hydrochloride) and oxidizing agents (15 mM
ammonium persulfate and 80 mM potassium ferricyanide) and incubated in normoxic and anoxic atmospheres
at 37 °C, for 48 h. Pre- and post-incubation Eh values were determined and cytoplasm proteins were extracted.
Proteins were parted by SDS-PAGE and their proﬁles were compared. 3.2 mM L-cysteine and 1.3 mM 2-
mercaptoethanol promoted andmaintained negative Eh values during incubation. No differences were detected
among SDS-PAGE proﬁles. CSH differences onlywere observedwith 4 mMsodium sulﬁte and 3.2 mM L-cysteine.
Results showed that 3.2 mM L-cysteine is a reducing agent that allowsmaintenance of negative Eh in both anoxic
and normoxic conditions and it seems not to interfere in the global expression of plasmatic proteins.hical implications of any order.
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The dimorphic fungus Candida albicans is the eukaryotic microor-
ganism most commonly in humans causing mycoses, so-called
candidosis. Although its growth is favored by the presence of molecular
oxygen, this speciesmay grow under low partial oxygen tensions (pO2)
and negative redox potentials (Rosa et al., 2008). The ﬁrst attempt to
verify the possibility of anaerobic growth of C. albicans is attributed to
Szawatkowski and Hamilton-Miller (1978), who related that strains
that were commonly cultivated in normoxia could also grow in the
complete absence of oxygen. After this, C. albicans has been isolated
from some anatomical and pathological sites where pO2 are very low or
abolished as periodontal pockets (Reynaud et al., 2001), infected root
canals (Baumgartner et al., 2000), apical periodontitis (Waltimo et al.,
1997), abscesses (Feldman et al., 1980; McManners and Samaranayake,
1990), gastrointestinal tract (Dumitru et al., 2007), and experimental
epithelial necrosis (Villar and Zhao, 2010).
With few exceptions, most part of information concerning to
candidal physiology, genetics, and virulence has been almostexclusively been obtained by experimentation under aerobic condi-
tions and positive Eh values. As C. albicans has been isolated from
anoxic sites, it is mandatory that more attention be dispensed to the
environmental conditioning growth. For this, appropriate protocols
must be proposed. As far as we know, Dumitru et al. (2004) were the
ﬁrst group to attempt to this and pointed out the necessity to
adequate conditions for candidal growth when dealing with imida-
zoles and polyenic drugs to be used in anaerobic infections. After this,
Semprebom et al. (2009) proposed that standardized anoxic cultures
may be employed in studies with antiseptics as chlorhexidine.
Regarding virulence aspects, Rosa et al. (2008) proposed the
addition of L-cysteine to reduce standard media for enzymatic assays
and obtained that anaerobic cultures present enhanced secretion of
aspartyl protease and diminished secretion of esterase and hemoly-
sins, when compared to aerobic cultures.
Based on the premises above, it becomes clear that more efforts
must be done in order to standardize candidal anaerobic growth. This
study aimed to evaluate the inﬂuence of different reducing agents in
(1) cell growth rate, (2) whole-cell protein proﬁle, and (3) in cell
surface hydrophobicity (CSH) of C. albicans grown under normoxic
and anoxic atmospheres.
2. Materials and methods
2.1. Preparation of anaerobic inoculum
C. albicans SC5314 was inoculated in tubes containing 2 mL of
regular YNB supplemented with 100 mM glucose, 20 μM oleic acid (in
100% methanol), 80 μM nicotinic acid, and 50 mM NH4Cl (Dumitru
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10% CO2 atmosphere and incubated at 100 rpm and 37 °C. Each 48 h,
100 μL aliquots were transferred to new tubes. After three medium
changes, cells were considered adapted to oxygen absence. This
culture was denominated anaerobic culture.
2.2. Oxidative and reductive treatments
One hundred microliter aliquots of anaerobic culture were
transferred to four replica tubes containing 5 mL of 100 mM YNB-
glucose supplemented with reductive or oxidative agents (Table 1).
Triplicates of tubes #1, #2, #3, #4, #5 and #6 (reductive
treatment) and tubes #7, #8 and #9 (oxidative treatment) were
conditioned in 90% N2/10% CO2 atmosphere and incubated at 37 °C. In
parallel, triplicates of the same tubes were inoculated and incubated
in normoxic atmosphere at 37 °C. After 48 h, the optical densities of
the tubes were determined at 520 nm. A spectrophotometric
approach has been chosen to estimate growth instead of usual serial
dilution, due to the fact that the cells under some reductive
treatments began to grow as mycelia which could compromise the
results' ﬁdelity.
2.3. Eh measurements
The fourth tubes were used for the measurement of Eh, which
were obtained with a Multimeter 720-plus™ potentiometer and a
calibrated 9179BNMD™ ORP triode (Thermo Fisher Scientiﬁc, Inc.).
Measurements were performed before inoculation (in ﬁfth tubes that
were not inoculated), and after the 48 h-growth (in the fourth tubes
that were inoculated and incubated at normoxic and anoxic
conditions).
2.4. SDS-PAGE
Cell contents from oxidative and reductive treatments were
harvested (5000×g, 10 min, 4 °C). Pellets were washed with PBS
(pH 7.0) and transferred to microcentrifuge tubes with equal masses
of glass beads (0.15 mm diameter) and 1 mL cold PBS (pH 7.0). Tubes
were adapted in a bead-beater and submitted to cell rupture at 4200
oscillations/min, for 4 min. Tubes were then transferred to an ice bath
and centrifuged at 30,000×g, for 5 min. One hundred microliter
aliquots of supernatants were combined with equal volumes of
denaturing buffer containing 10% glycerol, 5 mM Tris, 2.5% 2-
mercaptoethanol, 1.5% SDS, and 0.025% bromophenol blue, and
heated in boiling water for 10 min. The denatured proteins (50 μL)
were resolved by polyacrylamide gel electrophoresis according to
Laemmli (1970) in a discontinuous system of 4.5% stacking gel and
10–20% gradient running gel with, under 125 V. Gels were stained
with 0.25% Coomassie blue G-250 and distained properly. After gelTable 1




#1 158 mM sodium sulﬁte Ogasawara et al., 2006
#2 4 mM sodium sulﬁte Rothe and Thomm, 2000
#3 2.5 mM sodium metabisulﬁte Rosa-Fraile et al., 2001
#4 1.3 mM 2-mercaptoethanol Rosa-Fraile et al., 2001
#5 5.5 mM thioglycolic acid Rosa-Fraile et al., 2001
#6 3.2 mM L-cysteine
hydrochloride
Rosa-Fraile et al., 2001
#7 15 mM ammonium persulfate Schiavone & Hassan,
1988
#8 80 mM potassium ferrycianide Schiavone & Hassan,
1988
#9 (negative control) 100 mM YNB-glucose -revealing, they were digitally photographed. Protein proﬁles were
compared by bands' positions using the SigmaGel (Jandel Scientiﬁcs).
2.5. CSH measurements
After incubations, pellets were washed and resuspended in 10 mL
SIB (saliva-ion buffer: 1 mM K2HPO4; 0.5 mM KCl; 1 mM CaCl2; and
0.1 mM MgCl2) until an OD520nm of 1.0±0.02. For each treatment,
5 mL aliquots of suspension were transferred to four glass tubes,
representing three tests and one control. Also, one test and one SIB
control tubes were prepared as blanks. To each test suspension, 1 mL
of pro analysis chloroformwas added. Test and control tubes were left
at 37 °C bath for 10 min. They were then vortexed for 30 s and
returned to the warm bath for further 30 min. Two distinct phases
were obtained.
The superior aqueous phases were then carefully harvested and
transferred to clean disposable polystyrene tubes. Chloroform traces
adhered to polystyrene walls and were removed by vortexing for 30 s.
Absorbances were measured as before at 520 nm, after a quick
vortexing (5 s).
Cellular Surface Hydrophobicity (CSH) was expressed as percent-
age of chloroform partition and was determined by [(C0−CH)/
C0]×100, where C0 was the control tube absorbance and CH was the
test tube absorbance (Swiatlo et al., 2002).
Higher differences in absorbance denote higher hydrophobicities
for yeast cells. Each treatment was tested in triplicates, in two
independent situations and suspensions that were not treated with
chloroform were used as negative controls.
2.6. Statistical analyses
Obtained results were submitted to normality and homogeneity
analyses by Kolmogorov–Smirnov and Shapiro–Wilk tests. Detections
of statistical differences for growth rates of cultures submitted to
oxidizing or reducing treatments according to incubation conditions
were assessed by Student t test. Statistical differences for redox
potentials (Eh) of cultures according to multiple incubation condi-
tions were assessed by the Turkey HSD test. CSH was analyzed by
Student t andMann–Whitney U tests, as needed. A p value of 0.05 was
used as threshold for differences determination.
3. Results
Eh values of different broths varied considerably when measured
before and after fungal growth in normoxic and anoxic
conditions. Fig. 1 shows this variability in different treatments with
oxidizing and reducing treatments.
The addition of 4 mM sodium sulﬁte, 2.5 mM sodium metabisul-
ﬁte, and 5.5 mM thioglycolic acid did not promote the YNB-glucose
broth reduction to negative values. Eh values of these reducing agents
remained between +5.3 mV and +351.9 mV. 3.2 mM L-cysteine
hydrochloride generated reducing conditions with Eh varying from
−79.3 mV to −95.2 mV, which were maintained unchanged
(pN0.05) even after incubation in the presence of molecular oxygen
for 48 h; however, the anoxic condition during growth interfered,
elevating Eh values. Among all, 1.3 mM2-mercaptoethanol caused the
major reduction, with Eh values varying from −278.2 mV to
−294.3 mV, which remained constant (pN0.05) after incubation in
conditions of molecular oxygen presence or absence for 48 h.
Cell growth of C. albicans SC5314 varied considerably according to
treatments and atmospheric conditions. Even in 10 mM YNB-glucose
base-broth and in the presence of 80 mM potassium ferricyanide, the
anaerobic growth was superior to aerobic (pb0.001). Unexpectedly,
the contrary occurred for some reducing agents (Fig. 2).
Electrophoresis of cytoplasm proteins revealed that neither the
addition of oxidizing or reducing agents, nor the incubation in
-400 -300 -200 -100 0
Eh (mV)
+100 +200 +300 +400
Initial Eh (freshly made broth)
Final Eh (normoxic conditions)
Final Eh (anoxic conditions)
Fig. 1. Eh measurements of basal broth plus reducing or oxidizing agents before inoculation (Initial Eh) and after 48 h of planktonic candidal growth (ﬁnal Eh) in normoxic and
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Fig. 2. Differential planktonic candidal growth in basal broth plus reducing or oxidizing agents after 48 h of incubation in normoxic and anoxic conditions. * is pb0.001. ** is
pb0.0001. NS=not different.
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expression of proteins. However, some bands were more intensely
expressed when 80 mM potassium ferricyanide and 3.2 mM L-cysteine
were present. Electrophoretic proﬁles were homogenous with at least
42 protein bands presenting Rf values equivalent and concentrated in a
molar mass range of 14.2 kDa and 97 kDa (Fig. 3).
CSHmeasurements varied, not following any pattern of expression
when grown in different atmospheric conditions (Fig. 4). While
158 mM sodium sulﬁte, 2.5 mM sodium metabisulﬁte and 1.3 mM 2-
mercaptoethanol did not differ according to the atmospheric condi-
tions, 4 mM sodium sulﬁte induced a strong reduction in CSH when
incubated in the presence of oxygen. Inversely, 3.2 mM L-cysteine
increased CSH. Due to technical problems, it was not possible to
measure the CSH in cultures with oxidizing agents in anoxic
incubation.
4. Discussion
Reducing agents are widely used to prepare culture media to grow
strict anaerobes. Nevertheless, almost exclusively, only bacteria are
grown in anoxic conditions or in negative Eh. Although many sites
that are infected by medically important fungi (e.g., C. albicans) are
anoxic, excepting rumen-related entities (Zhu et al., 1996), they are
not routinely cultivated in such conditions, which might implicate in
underestimating their pathogenic capacity. Thus, to study candidal
behavior under anoxic or reductive environments it is necessary to
determine in which conditions fungal growth is enlarged.
Our ﬁrst objective was to screen several reducing agents for
preparation of broths to be used in anoxic cultures. Initially, we got
surprised with the fact that anoxic growth was signiﬁcantly higher
than normoxic growth in basal broth without any reducing agent.
Despite the fact that C. albicans is a facultative organism that tends to
grow better in normoxic conditions, as candidal cells used as inocula
were primarily grown in the absence of molecular oxygen, we believe
that they adapted themselves in order to extend lag phases when
returning to normoxic atmosphere.
Here, six possibilities were tested to generate pre-reduced culture
broths. Results showed that some of them are unviable, once they
cannot keep Ehs compatible with those found in sites under anoxia,
i.e. with negative values. Although 1.3 mM 2-mercaptoethanol
presented the best “redox buffering capacity”, it interfered negatively
in candidal growth in anoxic atmosphere. Similar phenomenon has
already been described for the strict anaerobic bacteria Propionibac-
terium acnes and P. granulosum, which had their growth completely
inhibited when exposed to a concentration of 57 μM in anoxicFig. 3. SDS-PAGE proﬁles of whole-cell proteins of C. albicans SC5314 grown in basal bro
conditions. 1=80 mM potassium ferricyanide (normoxic); 2=80 mM potassium ferricya
persulfate (anoxic); 5=158 mM sodium sulﬁte (normoxic); 6=158 mM sodium sulﬁt
hydrochloride (anoxic); 9=5.5 mM thioglycolic acid (normoxic); 10=5.5 mM thioglycolicatmosphere, but grew in concentrations between 0.570 μM and
20 μM, in normoxic atmosphere (Mattern et al., 1979). On the other
hand, Clostridium botulinum has its anaerobic growth stimulated in
the presence of 1.42 mM 2-mercaptoethanol, very close to our usage
concentration. Its growth was only partially impaired when higher
concentrations (7.1 to 14.2 mM) had been used (Smith and Pierson,
1979). When our results are compared to those from literature, we
may conclude that tolerance to 2-mercaptoethanol is extensively
variable. Possibly, lower concentrations of this may confer a desirable
redox buffering effect, with less negative interference in cell viability,
or even stimulating it.
By its time, 158 mM sodium sulﬁte compromised the candidal
growth in both normoxic and anoxic conditions. This fact seemed
unexpected since such concentration has been used by Ogasawara
et al. (2006) as “oxygen absorbent” for C. albicans anaerobic growth.
However, later, this same group also showed that, in acidic conditions,
sodium sulﬁte inhibits aerobic and fermentative production of ATP,
leading to fungal growth impairment (Ogasawara et al., 2008). As the
basal broth here used does not present pH buffering effect and
contains glucose, the absence of oxygen (absorbed by sodium sulﬁte)
pushed cells to a fermentative deviation with consequent environ-
mental acidiﬁcation and later growth inhibition.
L-cysteine hydrochloride is widely used as a reducing agent due to
its low toxicity (Fukushima et al., 2003). It is commonly used to
prepare pre-reduced culture media for anaerobic bacteria and can be
used to grow strictly anaerobic fungi, such as Neocallimastix
hurleyensis (Zhu et al., 1996). Our results showed that the mean Eh
after addition of 3.2 mM L-cysteine was greater than that found by
Smith and Pierson (1979). However, it should be stated that basal
Smith–Pierson's culture medium is more complex than ours and that
its Eh was already negative before reducing agent addition, which is
completely different from ours. Even so, L-cysteine promoted a
substantial Eh drop and did not interfere in growth rate (pN0.05).
Promising is the fact that L-cysteine kept Eh values negative
throughout normoxic candidal growth. When dealing with anoxic
growth, having a redox buffering effect is of great interest. In some
pathological sites (e.g. abscesses and necrotic sites) Eh values are
highly negative (Kenney and Ash, 1969; Marquis, 1995; Engelkirk and
Duben-Engelkirk, 2007) and a standardized condition that mimics
such environments may contribute to better comprehension of
anaerobic candidal physiology. Also, this may be useful for small
laboratories that do not have expensive dedicated anoxic facilities but
are interested in to study anaerobic candidal properties.
Other reducing agents as 4 mM sodium sulﬁte, 2.5 mM sodium
metabisulﬁte, and 5.5 mM thioglycolic acid were not able to drop or toth plus reducing or oxidizing agents after 48 h of incubation in normoxic and anoxic
nide (anoxic); 3=15 mM ammonium persulfate (normoxic); 4=15 mM ammonium
e (anoxic); 7=3.2 mML-cysteine hydrochloride (normoxic); 8=3.2 mM L-cysteine
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Fig. 4.Differential cell surface hydrophobicity of C. albicans SC5314 grown in basal broth plus reducing or oxidizing agents after 48 h of incubation in normoxic and anoxic conditions.
NC=not conduced; t test=Student's t test; U test=Mann–Whitney's U test; Error bars denote standard errors of mean.
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surprise once all three treatments are considered strong oxygen
scavengers with recognized reducing capacity (Willow and Cohen,
2003). In order to solve such doubts, we double-checked the reagent's
quality and no problems were detected. Thus, we postulate that the
concentrations used were not sufﬁcient to reduce Eh values in the
culture broth we have used.
Oxidant agents failed to promote greater growth rates as it could
be expected. Also, 15 mM ammonium persulfate did not sustain Eh
values greater than +38 mV. Such events were not expected and, at
this moment, we are not in a position to draw any conclusive
explanation.
Neither atmosphere composition nor reducing agents promoted
substantial variations on whole-cell protein expression assessed by
SDS-PAGE, once electrophoretic proﬁles did not show any divergence
in relation to band positioning. This, however, must be cautiously
considered once electrophoregrams are formed by bands' positioning
according to their molar masses; thus, it is possible that two or more
protein fractions, coded by different gene loci, might be positioned in
the same Rf. It has been stated by Höﬂing et al. (1998) that the same
strain, when grown in different culture media, exhibits variable SDS-
PAGE electrophoregram patterns. Nevertheless, if we take into
account that the same strain was used in all treatments, culture
media had same basic constitution in all treatments, and the only
thing that varied was the addition of oxidizing/reducing agents, it is
possible that cells should produce same proteins in order to maintain
homeostasis. A deeper qualitative evaluation involving speciﬁc
proteins by western blotting or a transcriptomic approach (Wiebe
et al., 2008) could be very useful in elucidating this. Also, a
quantitative evaluation, in terms of punctual expression of speciﬁc
proteins, must be carried out once some may be more or less
important for events of adaption to atmospheric conditions and Eh.
Variations observed for CSH of cultures under different oxidative/
reductive conditions drive us to infer that redox addictives, as well asthe presence or absence of molecular oxygen may alter hydropho-
bicity phenotype. Similar results were obtained by other groups that
evaluated the inﬂuence of media composition (Szabelska et al., 2006),
temperature (Hazen and Hazen, 1988), and anoxia (Ljungh and
Wadström, 1995). These groups are unanimous in admitting that CSH
is a dynamic characteristic and that phenotypic ﬂexibility must be
important for infection and disease induction.
5. Conclusions
Based on our results, we conclude that (a) 1.3 mM 2-mercaptoe-
tanol and 3.2 mM L-cysteine hydrochloride were the reducing agents
that generated higher Eh reductions and “Eh buffer effects” in 100 mM
YNB-glucose broth; (b) 2-mercaptoetanol, when in anoxic atmo-
sphere, reduces signiﬁcantly the growth rate; (c) addition of oxidizing
agents does not stimulate candidal growth rate; (d) addition of
reducing or oxidizing agents and posterior incubation in normoxic or
anoxic atmospheres do not cause alterations in electrophoretic
proﬁles of whole-cell proteins; and (e) CSH is extensively altered
when C. albicans is submitted to above mentioned treatments.
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